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Department of Structural Biology, University of Pittsburgh School of Medicine, University of Pittsburgh, Pittsburgh, PennsylvaniaABSTRACT Modular proteins contain individual domains that are often connected by flexible, unstructured linkers. Using
a model system based on the GB1 domain, we constructed tandem repeat proteins and investigated the rotational diffusion
and long-range angular ordering behavior of individual domains by measuring NMR relaxation parameters and residual dipolar
couplings. Although they display almost identical protein-solvent interfaces, each domain exhibits distinct rotational diffusion and
alignment properties. The diffusion tensor anisotropy of the N-terminal domain (NTD) is Dk/Dt ¼ 1.5–1.6, similar to that of
single-GB1 domains (Dk/Dt ¼ 1.6–1.7), whereas the value for the C-terminal domain (CTD) is Dk/Dt ¼ 2.0–2.2. In addition,
the two domains have different rotational correlation times. These effects are observed for linkers of three to 24 residues,
irrespective of linker length. The NTD and CTD also differ in their degree of magnetic alignment, even with a flexible linker of
18 residues, exhibiting Da values of 7.7 Hz and 9.7 Hz, respectively. Our results suggest that diffusion differences and long-
range influences may persist in modular protein systems, even for systems that have highly flexible linkers and exhibit no
domain-domain or domain-linker interactions.INTRODUCTIONA large number of proteins encode multiple functionalities
that are frequently located on individual domains along
the same polypeptide chain. The resulting modularity
bestows distinct advantages on such systems because it
offers a mechanism for controlling the spatial localization
of binding elements (1) as well as chemical processes
through modulation of the relative domain orientations
(2). In this manner it is possible to influence on- and off-
states in signaling, enzymatic reactions (3), and transport
processes within a cell.
In nature, each modular protein system has evolved to
encompass unique features that are exquisitely selected for
the individual case. These may include specific transient
domain-domain interactions and interdomain linkers of
defined lengths, composition, and structure (or lack thereof),
with dynamic properties tailored to the specific functions at
hand. These features can be highly optimized, and, consid-
ering linker length and composition alone, small changes
can result in a significant loss of activity (4).
Over the last three decades, NMR relaxation-based meth-
odologies have provided a particularly fertile avenue for
investigating protein dynamics and diffusion. In particular,
the Lipari-Szabo (5) model-free (MF) formalism emerged
as the most widely applied and successful approach (6,7).
It has enabled the interpretation of NMR relaxation param-
eters in terms of global domain diffusion and internal
molecular-dynamics parameters. However, because the
MF formalism requires statistical independence of global
and internal motions, it was primarily used to analyze the
internal dynamics of relatively rigid systems (6).Submitted June 21, 2010, and accepted for publication August 13, 2010.
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0006-3495/10/10/2636/11 $2.00Therefore, progress in experimentally characterizing and
interpreting interdomain dynamics was initially modest.
Work on systems with two or more domains has generally
focused on proteins with a well-defined overall structure
in which the individual domain diffusion tensors are very
similar to the one measured for the overall system (8) or
are assumed to be identical (9). In these types of systems,
NMR relaxation and residual dipolar couplings (RDCs)
often permit determination of the relative domain orienta-
tions. The relatively small degree of motion due to interdo-
main dynamics for these cases does not alter the overall
protein-solvent interaction, and therefore the protein as
a whole may still be described by a single diffusion tensor
(10). However, work on interdomain dynamics has also
been carried out on proteins with more interdomain
flexibility using either individual diffusion tensors, fit to
each domain (11), or internal slow-timescale motion param-
eters to describe the interdomain motion as a wobble-in-a-
cone (12).
More recently, new models have been developed and
refined that are designed to extract more detailed domain
dynamic and structural information from NMR as well
as small-angle scattering data (13–19). Paramagnetic
approaches that consider the probabilities of allowed orien-
tations can be used to impose both angular and translational
constraints on flexibly linked domains (20). Such overall
conformational constraints can also be obtained by
approaches that use NMR relaxation and small-angle
x-ray scattering (17), as well as NMR diffusion tensors
(21). For example, using a model for interconversion
between two distinct conformational states (ITS model),
Ryabov and Fushman (14) performed an analysis of rather
large conformational changes in the Lys48-linked di-ubiqui-
tin system. With this approach it is possible to describe slow
effective motions (30 ns) through large angles (up to ~90)doi: 10.1016/j.bpj.2010.08.036
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between two well-defined conformational states. However,
like the MF formalism, the ITS model requires the interdo-
main and overall protein motions to be independent, a condi-
tion that was met fortuitously in the di-ubiquitin case, since
the two distinct states were shown to possess almost
identical overall diffusion tensors. A very different dynamic
model was considered for Xenopus Ca2þ-ligated calmod-
ulin. Here, the crystal structure was taken as the dynami-
cally averaged reference frame for overall diffusion, with
slow interdomain motions interpreted as fluctuations with
respect to this frame (13). Therefore, the overall protein
rotational correlation time and diffusion tensor anisotropy
were assumed to be identical for both the N-terminal
domain (NTD) and C-terminal domain (CTD), leaving the
individual domain orientations and the slow interdomain
motions to be optimized. Relaxation parameters were deter-
mined at multiple magnetic field strengths, and an extended
MF approach (22) was applied. This approach allows for
large-amplitude, continuous domain rotations, and, for the
calmodulin case, the estimated interdomain motion for the
NTD and CTD resulted in a good fit for a wobble-in-a-
cone of semi-angle ~30. A continuum of orientations for
the two structured domains was assumed based on the
highly dynamic nature of several residues in the middle of
the linker (23).
In this work, we did not develop a newmodel for interpret-
ing domain dynamics data; rather, we constructed a model
protein system that allows us to investigate a large range
of interdomain motions using a very simple approximation
of domain diffusion. We devised a generic double-domain
system consisting of two non-interacting GB1-type domains
with identical surface properties. We minimized the possi-
bility of residual linker structure by using a flexible gly-
gly-ser-based linker. Several double-GB1 (dGB1) proteins
were constructed with linker lengths ranging from three to
24 residues. NMR T1, T2, and
15N{1H} nuclear Over-
hauser enhancement (NOE) relaxation parameters were
measured and used to fit two diffusion tensors per protein
(one each for the NTD and CTD). In this way the effects
of coupled motions between domains were included in the
diffusion tensor of each individual domain, implicitly testing
the limits of the hypothesis that the effects of the second
domain may be treated as a perturbation on the diffusion
tensor. Four models of domain diffusion were considered:
isotropic, oblate, prolate, and fully anisotropic. The prolate
model was found to fit the data best, using the least number
of fitting parameters. The goodness of fit was best for the
longer linker length proteins.
Our data show that even for flexible linkers of 24
residues in length, a significant mutual perturbation in the
diffusion is observed. Rotational correlation times for both
domains were > 5 ns, compared to 3.8 ns for the equivalent
single-domain protein. Furthermore, for all linker lengths
the NTD and CTD differed in their diffusion anisotropyand degree of magnetic alignment. This is a surprising
finding, since both domains differ by only one internal
amino acid and possess the same overall structure and iden-
tical protein surface residues. Our results raise interesting
questions regarding the influence of modules on the
dynamics and long-range ordering of multidomain proteins,
even in cases of identical repeating domains.MATERIALS AND METHODS
Design of model protein constructs
Twelve specific GB domain constructs were created for this study, and
a schematic illustration of these variants is provided in Fig. 1, together
with their amino acid sequences. We use the following nomenclature for
all proteins: the designation GB1 refers to the original GB1-T2Q mutant
that has been used in a myriad of biophysical studies. The introduction of
a glutamine at position 2, instead of the wild-type (WT) threonine, prevents
N-terminal heterogeneity (24). GB1L7I represents a GB1 domain that
differs from GB1 by a single core mutation, which is the sole core amino
acid difference between the natural GB1WT and GB3WT domains. The
third domain type used in this study is designated GB3b1 ¼ GB1 M1T-
Q2T-I6V-L7I because it contains the WT sequence of GB3 in its first
b-strand, but otherwise is identical to GB1. The prefix ‘‘s’’, as in sGB1,
refers to a single-domain protein with seven and six residue tails before
and after the GB1 domain, respectively. The prefix ‘‘d’’, as in dGB1L7I-
(n)-GB1, refers to double-domain proteins. These proteins possess the
same tails as the single-domain proteins, as well as an interdomain linker
comprising n residues. The full list of protein constructs that were
investigated in this study is as follows: GB1, sGB1, sGB1L7I, sGB3b1,
dGB1L7I-(3)-GB1, dGB1L7I-(6)-GB1, dGB1L7I-(12)-GB1, dGB1L7I-
(18)-GB1, dGB1L7I-(24)-GB1, and dGB3b1-(6)-GB1. Other constructs
employed in control experiments were dGB1-(6)-GB1 and dGB1-(6)-
GB1L7I. Protein expression and purification were performed as described
in the Supporting Material.Aligned protein samples
Proteins were aligned in alkyl poly(ethylene glycol)/n-hexanol liquid
crystalline phase (25) (C12E5) in 25 mM sodium phosphate buffer,
0.02% NaN3, pH 6.5. The C12E5 surfactant/water ratio was 2.5% (w/v),
with a molar ratio of surfactant to alcohol of 0.96. To ensure uniform align-
ment conditions for the different proteins, a stock solution of 10% C12E5
was diluted into the protein solutions. The samples were allowed to equil-
ibrate in the spectrometer for several hours until a stable value of the deute-
rium quadrupolar splitting was reached before data collection. The
measured quadrupolar splittings were 11.51 Hz, 11.02 Hz, 10.88 Hz, and
11.60 Hz for C12E5/protein solutions of sGB1, dGB1L7I-(18)-GB1,
dGB1L7I-(3)-GB1, and GB1, respectively.NMR spectroscopy
NMR spectra were recorded at 25C on NMR samples containing 1.0 mM
15N-labeled or 13C/15N-labeled proteins in 25 mM sodium phosphate buffer,
pH 6.5, containing 0.02% azide, using Bruker AVANCE600 and
800 spectrometers (Bruker BioSpin, Billerica, MA) equipped with 5 mm
triple-resonance, three-axis gradient probes or z-axis gradient cryogenic
probes. Backbone resonance assignments were carried out via HNCACB
experiments (26) on samples of sGB1, sGB1L7I, and sGB3b1. The data
were processed with nmrPipe (27), and assignments were made using the
program CARA (28). Residual HN dipolar couplings were measured using
in-phase/antiphase two-dimensional 1H-15N heteronuclear single quantum
coherence (HSQC) interleaved experiments (29) at 800 MHz. For eachBiophysical Journal 99(8) 2636–2646
FIGURE 1 Model system employed in this work
involves variants of the GB domain. The sGB
construct consist of the GB1 domain with a tail,
L ¼ GGSGGS, after residue 56, and a prepended
sequence of Ser-GGSGGS before residue 1. The
two sequence variants are sGB1 and sGB1L7I.
Two types of dGB constructs were investigated:
1) dGB1L7I-(n)-GB1, which consists of sGB1L7I
linked to sGB1 with an n-residue interdomain
linker (n ¼ 3, 6, 12, 18, 24); and 2) dGB3b1-
(6)-GB1.
2638 Walsh et al.experiment we used acquisition times of 242.7 ms (15N) and 60.0 ms (1H)
with a data matrix of 1024  768 complex points for the proteins sGB1,
dGB1L7I-(18)-GB1, and dGB1L7I-(3)-GB1. For GB1, acquisition times
of 85.5 ms (15N) and 60.0 ms (1H) with a data matrix of 512 768 complex
points were used. For the double-domain proteins, both time domains were
linear-predicted, and for all proteins sine-bell and squared sine-bell window
functions were applied to direct and indirect dimensions, respectively. In
both dimensions the sine bells were shifted by 63 and truncated at 176.
After zero-filling, the digital resolution in the 15N-dimension was 0.52
Hz/point for sGB1, dGB1L7I-(3)-GB1, and dGB1L7I-(18)-GB1, and 0.73
Hz/point for GB1. The alignment tensors were determined by singular
value decomposition (SVD) fitting of the RDCs using PALES (30) with
the RDC-refined GB3 crystal structure as the input model (31).
NMR experiments to determine 15N longitudinal relaxation times (T1),
relaxation-compensated 15N transverse relaxation time (T2), and
15N
{1H} NOEs employed 1H-15N HSQC-based pulse sequences at 600 MHz
(32–34). The concentrations of all 15N-labeled proteins were 1.0 mM,
except for the sGB1L7I sample, which was 0.9 mM. The delays in the T1
experiment were 0, 100, 200, 300, 500, and 800 ms, and delays in the T2
experiment were 0, 19.2, 38.4, 76.8, 96.0, and 115.2 ms. The 15N-{1H}
NOE experiments employed a 2.8 s repetition delay. The T1 and T2 relax-
ation data were fit using single exponential functions. The heteronuclear
15N-{1H} NOE values were obtained by taking a ratio of two experiments
recorded with and without 1H saturation.Analysis of diffusion tensors
In addition to the requirement of chemical shift resolution, the set of reso-
nances used for analysis were selected based on the amino acid locations
in the more rigid parts of the structure, as evidenced by suitably corrected
(35) heteronuclear 15N-{1H} NOE values > 0.65, as well as the absence
of conformational exchange (12). Selection of the most appropriate diffu-
sion tensor model was performed using the program Tensor2 (36),
assuming isotropic, axially symmetric (prolate and oblate) and fully aniso-
tropic molecular diffusion models. All four models were applied to the
individual domains of single- and double-domain proteins, sGB1, and
dGB1L7I-(24)-GB1, using both the full available data set of 44 T1/T2
values for sGB1 and a subset of data comprising only 10 T1/T2-values.
The latter values are also available for the dGB1L7I-(n)-GB1 system,
which has a high degree of resonance overlap. All pertinent parameters
for these models, together with the goodness of fit and F-statistics, are
summarized in Table S1. Further analysis of the angular sampling and
effect of reduced data set size on the fits is provided in the Supporting
Material. Analysis of the diffusion of all protein domains was also per-Biophysical Journal 99(8) 2636–2646formed using the Palmer group’s r1r2_diffusion software approach for
fitting the prolate diffusion tensor (37). This allowed a straightforward
implementation of cross-validation of data.RESULTS AND DISCUSSION
Design of the model system
Our dual-domain model system is based on GB1, and we en-
gineered it such, that the hydrodynamic, chemical, and
magnetic properties of the two domains would be as close
to identical as possible (Fig. 1). We chose an interdomain
linker based on a repeating gly-gy-ser motif because of
this sequence’s flexibility (38), experimentally demon-
strated random coil behavior (39), and lack of any possible
complicating ionic interactions.
Because the linker between the domains influences the
protein chemical shifts and possibly the dynamics of resi-
dues at the end of the first domain and the beginning of
the second domain, we also added short peptide tails to
the N- and C-termini to create a more symmetric environ-
ment. A repeating gly-gly-ser sequence was used for this
purpose, replicating the composition of the linker region.
This created a dGB1 protein for which the amide chemical
shifts of the two domains superimpose perfectly at
600 MHz. Having achieved a model system with excep-
tional similarity in terms of the physical environments and
solvent interactions, we then introduced a single internal
mutation at position 7 of the NTD (L7I), which allowed
us to spectroscopically distinguish the two domains. In addi-
tion, a protein was created that contained GB3b1 as the
NTD. This second construct allowed us to measure the
relaxation of a larger set of residues for each individual
domain, albeit at a cost of introducing a difference of three
external residues between the domains, which resulted in
a somewhat different protein-solvent interface for the two
domains (Fig. 1). Two representative 600 MHz 1H-15N
HSQC spectra for these double-domain proteins, recorded
FIGURE 2 1H-15N HSQC spectra of dGB1
domain proteins. (A) 1H-15N HSQC spectrum of
dGB1L7I-(6)-GB1. Pairs of resonances that are
distinguishable between the GB1L7I (NTD) and
the GB1 (CTD) are labeled with the residue
name and number and circled. Ten pairs with
15N-{1H} NOE values > 0.65 were used for diffu-
sion tensor determination (underlined). These pairs
are from identical residues residing on the NTD
and CTD, respectively, with the exception of T55
(NTD) and V54 (CTD), which possess no resolved
counterpart in the other domain. The spectrum of
the dGBL7I-(6)-GB1 protein is almost indistin-
guishable from those of the single-domain proteins
sGB1 and sGB1L7I. (B) 1H-15N HSQC spectrum
of dGB3b1-(6)-GB1. Thirty labeled pairs of
resolved resonances are present, and 22 of these
pairs exhibit 15N-{1H} NOE values > 0.65.
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provided in Fig. 2. The excellent spectral quality allows
many equivalent residues from the NTD and CTD to be
clearly distinguished. In the dGB1L7I-(6)-GB1 and
dGB3b1-(6)-GB1 spectra, 17 and 30 pairs of resonances,
respectively, can be resolved and are marked in Fig. 2.
Of these, a subset of 10 and 22 resonances, respectively,
were selected from the rigid portions of the domains for
diffusion tensor analysis (see Materials and Methods, and
the Supporting Material).sGB1 domain diffusion tensors
Effect of the tail on diffusion
We explored the contribution of appended, unstructured
residues on domain diffusion by comparing the prolate
diffusion tensor of tailless GB1 with those of the six- to
seven-residue tail-containing sGB1 and sGB1L7I. The
results (presented in Fig. S1 A) show that an experimentally
significant increase of the rotational correlation time of
0.86 ns, from tc ¼ 2.95 ns to tc ¼ 3.81 ns, is observed
due to the tails. Furthermore, the anisotropy parameter,
Dk/Dt, increases by 0.33. This can be explained by the
fact that the N- and C-terminal tails are located approxi-
mately along the long axis of diffusion of the tailless GB1
domain. The presence of the unstructured tails also appears
to alter the orientation of the principal diffusion axis by
~10. The change in rotational correlation time indicates
that the tails add hydrodynamic drag to the domain, and
due to their constantly changing structure, this manifests
itself as a change in the orientation of the principal
diffusion axis of the fit time-independent, rigid-body
diffusion tensor.Effects of a modular environment on domain
diffusion
Rotational correlation times
It is not clear, a priori, to what extent diffusion of a protein
domain is altered when it exists in a modular arrangement of
flexibly linked domains, compared to diffusion of the iso-
lated domain. We set out to quantify the effect of the
beads-on-a-string environment by comparing diffusion
tensor fits obtained for the sGB1 isolated domain with those
obtained for the individual domains in the dGB1 proteins
dGB3b1-(6)-GB1 and dGB1L7I-(n)-GB1 (n ¼ 3, 6, 12, 24
residues) using the prolate model (see Figs. 4 and 5). The
results show that even for the flexible interdomain linker
of 24 residues, domain diffusion is perturbed significantly,
with the individual domain rotational correlation time
increased to 5.2 ns and 5.0 ns for the NTD and CTD of
dGB1L7I-(24)-GB1, respectively, compared to 3.8 ns for
the sGB1 domain. This increase by 1 to 1.5 ns may be
caused in part by the hydrodynamic drag of the long inter-
domain linker. However, the effect of the linker cannot be
the dominant contributing factor, since domains separated
by a linker of 12 residues also exhibited very similar rota-
tional correlation times of 5.3 ns and 5.2 ns for the NTD
and CTD, respectively. This small change of only 0.2 ns is
incompatible with the >1 ns difference in correlation time
between the GB1 domains in the single- versus double-
domain contexts. Indeed, a more pronounced effect was
seen for the shortest linker length: the domain rotational
correlation times for the protein with a three-residue linker
were 6.5 ns and 6.3 ns (NTD and CTD, respectively), repre-
senting a 65% and 70% increase compared to the sGB1
domain correlation time. The overall trend of larger domain
rotational correlation times for smaller proteins with shorterBiophysical Journal 99(8) 2636–2646
2640 Walsh et al.interdomain linkers suggests a model of domain dynamics
wherein the individual domain’s semi-independent diffusion
is increasingly perturbed and restricted by the neighboring
domain as the linker is made shorter.
Anisotropy
The effect of the modular domain environment on the
anisotropy parameters Dk/Dt consistently differs for the
NTD and CTD by 0.35 5 0.04. This difference in anisot-
ropy for the NTD versus CTD is not an artifact of the small
number (10) of T1/T2 data used for the dGB1L7I-(n)-GB1
diffusion tensor fits. A very similar result was obtained for
the dGB3b1-(6)-GB1 protein (Fig. 3 A; NTD, blue, and
CTD, purple), for which 22 T1/T2 data points were available
for fitting.
Essentially the same values for NTD and CTD anisotropy
factors were obtained when fitting was carried out for
subsets of data in which one T1/T2 value was omitted (Sup-
porting Material), with one exception. If the T1/T2-value for
V39 was left out, very large differences between NTD and
CTD anisotropy factors were noted. As shown in Fig. 3 B
and Table 1, the V39 T1/T2 data seem to represent a pivotal
data point in defining the anisotropy of the NTD. A notice-
able shift to smaller anisotropy values of Dk/Dt ~ 1.6
compared to Dk/Dt ~ 2.0 is seen after omission of the
V39 data. In contrast, for the CTD, omission of the V39Biophysical Journal 99(8) 2636–2646T1/T2-value causes only a small shift in Dk/Dt and an
increased uncertainty for all linker lengths, with no signifi-
cant effect on the reduced c2. Omission of the V39 T1/T2
data for both domains increases the anisotropy differences
between NTD and CTD to 0.450.62. Again, similar results
were obtained for dGB3b1-(6)-GB1, showing that the diffu-
sion tensor fits with 22 data points are qualitatively the same
as those with 10 data points (Fig. 3, A and B).
Orientation of the principal diffusion axis
For the fits obtained using the full 10 data points, the
orientations of the principal diffusion axes for the NTD
and CTD of dGB1L7I-(n)-GB1 become progressively
more dissimilar as the linker length is decreased from 24
to three residues, as shown in Table 1 and Fig. 4 A. In
particular, as the linker length is decreased, the F-value
for the NTD becomes progressively smaller, whereas the
F-value for the CTD becomes larger. This result can be
rationalized as follows: In the shorter linker length proteins,
the potential steric influences between domains increase,
causing the principal diffusion axis of the domains to rotate
with respect to each other. For reasons that are not clear
at this time, for the longest linker length protein, the diffu-
sion axis of the CTD is indistinguishable from that of
the isolated single-domain sGB1 (Fig. 4 A, orange). In
addition, the domain diffusion axes orientations for theFIGURE 3 Effect of the modular protein envi-
ronment on the individual domain diffusion param-
eters (correlation time, t, and anisotropy factor,
Dk/Dt). Values for the NTD and CTD of
dGB1L7I-(n)-GB1 are displayed in green and
red, respectively, and those for dGB3b1-(6)-GB1
are colored in blue and purple, respectively.
sGB1 is shown in orange. (A) Fitting using all
available data points for dGB1L7I-(n)-GB1 (10
data points) and dGB3b1-(6)-GB1 (22 data points).
(B) Fitting with a data set in which the data for V39
was omitted. All error bars indicate a range of 2
RMSD. (Inset) The correlation time, t, is plotted
versus the linker length for the NTD (green) and
CTD (red) using the data set with the V39 data
omitted. Equivalent results were obtained when
the V39 data were included.
TABLE 1 Diffusion tensor parameters for the prolate model fit to the 15N relaxation data for all proteins in this study
n* Ny,** Qz Fz Dk/Dt
x t (ns){ c2k
GB1
— 44 59 (6) 97 (8) 1.40 (0.05) 2.95 (0.03) 0.67
— 10 59 (14) 102 (12) 1.39 (0.11) 2.95 (0.07) 0.77
- 9 59 (16) 102 (26) 1.40 (0.12) 2.95 (0.07) 0.92
sGB1
— 44 58 (4) 84 (2) 1.73 (0.06) 3.81 (0.03) 2.27
— 10 63 (7) 86 (4) 1.74 (0.11) 3.82 (0.07) 2.77
— 9 67 (13) 94 (19) 1.65 (0.17) 3.82 (0.07) 3.14
sGB1L7I
— 44 59 (4) 85 (3) 1.74 (0.06) 3.81 (0.03) 2.29
— 10 63 (8) 88 (5) 1.73 (0.11) 3.82 (0.09) 3.59
— 9 69 (13) 99 (16) 1.63 (0.11) 3.82 (0.10) 3.75
dGB1L7I-(n)-GB1
NTD
3 10 63 (3) 72 (2) 1.97 (0.08) 6.48 (0.07) 9.41
6 10 59 (4) 73 (3) 1.97 (0.09) 5.72 (0.08) 9.28
12 10 58 (4) 76 (3) 1.93 (0.08) 5.33 (0.07) 6.43
24 10 61 (5) 77 (4) 1.78 (0.09) 5.19 (0.07) 6.65
3 9 77 (10) 100 (11) 1.57 (0.06) 6.48 (0.08) 3.21
6 9 73 (11) 105 (12) 1.57 (0.06) 5.68 (0.10) 3.00
12 9 67 (9) 98 (12) 1.60 (0.08) 5.30 (0.09) 3.12
24 9 72 (12) 101 (13) 1.54 (0.06) 5.17 (0.09) 3.55
CTD
3 10 65 (3) 91 (2) 2.29 (0.09) 6.29 (0.09) 4.40
6 10 63 (4) 88 (3) 2.31 (0.11) 5.53 (0.09) 2.23
12 10 63 (4) 88 (3) 2.25 (0.12) 5.18 (0.09) 1.96
24 10 64 (4) 87 (3) 2.17 (0.11) 5.02 (0.09) 2.38
3 9 68 (6) 98 (8) 2.18 (0.11) 6.29 (0.10) 4.74
6 9 66 (6) 95 (9) 2.17 (0.16) 5.54 (0.09) 2.22
12 9 65 (6) 92 (10) 2.14 (0.20) 5.19 (0.09) 2.14
24 9 69 (7) 99 (11) 1.99 (0.11) 5.03 (0.09) 1.84
dGB3b1-(6)-GB1
NTD
6 22 57 (3) 73 (2) 1.96 (0.06) 5.53 0.03 5.59
6 21 64 (5) 93 (7) 1.62 (0.06) 5.48 0.04 3.79
CTD
6 22 66 (3) 88 (2) 2.27 (0.08) 5.47 0.04 3.77
6 21 66 (4) 89 (5) 2.24 (0.12) 5.46 0.04 3.97
Errors (2 RMSD) in diffusion parameters are listed in parentheses.
*Number of residues in the interdomain linker.
yNumber of T1/T2-values used to fit the diffusion model.
zPolar (Q) and azimuthal (F) angles of the principal axis of diffusion (Dk), based on the reference GB3 structure (PDB ID: 1p7e). The angles Q and F are
right-handed rotations about y and z, referenced to z and x, respectively.
xAnisotropy, Dk/Dt ratio of the long over short diffusion axis in the prolate model.
{Rotational correlation time, t ¼ 1/(2 Tr(D)).
kReduced Chi-squared, c2red ¼ c2/(N  4).
**For the fits using nine and 21 data points, the T1/T2-value of residue V39 was omitted.
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purple), obtained by fitting 22 data points per domain, are
very similar to those of the dGB1L7I-(6)-GB1 NTD and
CTD domains. However, as shown in Fig. 4 B, omission
of data from residue V39 results in a shift of >20 in the
orientation of the diffusion axis of the NTD of all proteins.
Concomitantly, the uncertainty in the fit orientation dramat-
ically increases for all domains, including sGB1. Thus,
without the V39 T1/T2 data, it appears impossible to distin-
guish the orientation of the diffusion axes for the NTD
and CTD.Robustness of the dGB1 diffusion tensor fit
Because of the limited data set available, the stability of
the fit parameters must be particularly scrutinized for
effects of individual data. The analysis reveals two distinct
effects. A small effect is observed in the tailed sGB1
domains and the CTDs of dGB3b1-(6)-GB1 and the
dGB1L7I-(n)-GB1 proteins. For these domains, omission
of the V39 data increases the uncertainty in the fit F, and
a minor, insignificant increase in the value of F. This is
most likely a sampling artifact, since in fits using largerBiophysical Journal 99(8) 2636–2646
FIGURE 4 Orientations of the diffusion tensor
principal axes in spherical coordinates. Orienta-
tions for the NTD and CTD of dGB1L7I-(n)-
GB1 are shown in green and red, respectively,
and those for dGB3b1-(6)-GB1 are shown in blue
and purple, respectively. The principal diffusion
axis orientation for sGB1 is shown in orange. (A)
Fitting using all available data points for
dGB1L7I-(n)-GB1 (10 points) and dGB3b1-(6)-
GB1 (22 points). (B) Fitting using the full data
sets with the data for V39 left out. The fit results
for the NTD shift systematically when V39 is
omitted, making the NTD and CTD diffusion
axes indistinguishable. For sGB1, the data set cor-
responding to that available for dGB1L7I-(n)-GB1
was used. All error bars indicate a range of
2 RMSD.
2642 Walsh et al.data sets (44 points for sGB1 and 22 points for dGB3b1-(6)-
GB1) this effect is essentially removed (Fig. S2 and
Fig. S4). A second, more pronounced effect involves the
fits for the NTD of the dGB1 proteins. These fits depend
significantly on two residues: V39 and E42. Omission of
either of these data caused a substantial decrease in the
NTD’s reduced c2, bringing the goodness-of-fit for the
NTD in line with the values obtained for the CTD, for all
linker lengths (Table S1, Fig. S3, and Fig. S4). Whereas
omission of the E42 data caused a small change in Q of
~10, omission of the V39 data resulted in larger changes
of Q, F, and Dk/Dt. These changes were also observed
for the larger data set (22 points for dGB3b1-(6)-GB1),
suggesting that these effects may not be due to sampling.
Therefore, either limitations inherent to the independent
domain diffusion model or specific local dynamics
(chemical exchange) may play a role. Indeed, the dif-
ference between the V39 T2-values of the NTD and CTD
decreases systematically with increasing linker length:
T2
CTD  T2NTD ¼ 8, 6, 4, 2 ms for linker lengths of n ¼
3, 6, 12, 24 residues. In contrast, the difference between
the E42 T2-values of the NTD and CTD does not vary
with linker lengths. Irrespective of the changes in the
NTD diffusion parameters caused by the peculiarities of
the V39 and E42 data, the major findings of a significant
difference between the Dk/Dt of NTD and CTD, and the
observed domain rotational correlation time dependence
on linker-length remain valid. Indeed, the fundamentally
different diffusion of the two domains is supported by theBiophysical Journal 99(8) 2636–2646observation that for the helical residues on the NTD and
CTD a constant difference between the average T2 is seen
for all linker lengths, i.e., <T2
NTD  T2CTD> ¼ 115 1 ms
(Fig. S5).
Assessment of the validity of the rigid-body diffusion model
We validated our approach by comparing the quality of
the fits obtained for the GB1 domain in various protein
environments. As summarized in Table 1, the prolate
diffusion tensor fit for the tailless GB1 domain has
a reduced c2-value of 0.70.9, depending on the data
set. Therefore, no major systematic errors (such as
possible conformational differences between the model
structure that was used to fit the relaxation data and the
actual solution structure) are unaccounted for. For
comparison, the prolate diffusion tensor fits for both
sGB1 and sGB1L7I yielded values of the reduced
c2 ¼ 2.3 (full data set) to reduced c2 ¼ 3.6 (10 data
points). This suggests that increased errors are introduced
due to an indirect relaxation effect caused by the hydrody-
namic drag of the flexible tails, or possibly direct relaxa-
tion effects imparted by the flexible tail on the several
backbone amide nitrogens. It should be stressed, however,
that the magnitude of the error is not unusually large. For
instance, in the diffusion tensor fits for ubiquitin, a reduced
c2-value of 2.4 for the axially symmetric model was
observed (37). The goodness-of-fit for the dGB1 proteins
is also provided in Table 1 and shows that the CTD fits
the model as well as the isolated tailed sGB1, with the
A B
FIGURE 5 Alignment tensor comparison
between sGB1 (orange) and dGB1L7I-(n)-GB1,
NTD (green), and CTD (red) for n ¼ 3 and
n ¼ 18 residue linkers. (A) Magnitude (Da) and
rhombicity (R) of the alignment tensors. (B) Euler
angles of the alignment tensors. The angles a (top
scale, circles) and b (bottom scale, squares) are
indicated by separate symbols for each value of
g. All error bars indicate a range of 2 RMSD.
NMR Studies of Diffusion and Alignment of Modular Proteins 2643exception of the protein with the shortest linker length
(three residues). In contrast, the NTD exhibits a poorer
fit, primarily due to the data of residues 39 and 42 (Table
1, Fig. S3, and Fig. S4).
Hydrodynamic coupling
The fundamental difficulty of studying interdomain
dynamics of modular proteins stems from the fact that
domain motion drastically alters the global, overall shape
of the protein and therefore the overall protein-solvent inter-
face. If the domain movements take place on a timescale
similar to the overall protein rotational diffusion, the
internal and global dynamics exhibit hydrodynamic
coupling (10), and any approach that uses a time-indepen-
dent protein diffusion model to describe such complex
dynamics, by necessity, represents an approximation. In
our model system, very long flexible linkers allow for
a significant range of motion of the individual domains,
with respect to each other. Therefore, we choose to fit the
diffusion tensors separately to the individual domains
instead of considering the protein as a flexible whole. This
approach does not ignore the coupled diffusion of the
domains, but rather results in the coupling effects becoming
included implicitly in the parameters of the individual
domain diffusion tensors.Effects of a modular environment on domain
alignment
Rhombicity
We assessed the effect of flexibly linking two domains by
comparing the alignment tensor of the isolated sGB1
domain with those of the dGB1L7I-(n)-GB1 domains.
The data for the proteins with three and 18 residue linkers
are shown in Fig. 5. The alignment tensor for most tail-con-
taining domains, whether in a single- or double-domain
protein, exhibited very similar values for rhombicity,
R ¼ 0.140.19, with the exception of the NTD of
dGB1L7I-(3)-GB1, which showed a rhombicity of
R¼ 0.265 0.07 (Fig. 5 A). Given the error range, however,
this may not be a significant difference, especially by
comparison with the tailless GB1 domain, for which a rhom-
bicity of R ¼ 0.375 0.05 was determined (Table S2).
Therefore, it appears that the modular domain environment
does not have a substantial effect on the rhombicity of the
domain alignment. This may be related to the axial location
of the interdomain linkers in this particular system. Further-
more, the more significant effect comes not from the
modular domain environment, but from adding six- to
seven-residue-long flexible tails. This causes the alignment
tensor to become almost axially symmetric, with anyBiophysical Journal 99(8) 2636–2646
2644 Walsh et al.intrinsic domain-specific rhombic asymmetry becoming
less pronounced. Therefore, it may be possible to exploit
this surprisingly large effect for varying the alignment
tensor of a protein by simply adding tails of specific length
and composition.
Magnitude of alignment
In the double-domain context, we noted a variety of effects on
the magnitude of the alignment tensor of the individual
domains. For the protein with the 18-residue interdomain
linker, the NTD exhibited very similar alignment as the iso-
lated sGB1 with approximate values of Da ¼ 7.7 Hz and
Da ¼ 7.2 Hz, respectively. Surprisingly, for the CTD, a Da-
value almost 2 Hz larger than that for the NTD was obtained
(Da¼ 9.7Hz). This was especially surprising given the length
of the linker (18 residues) and the protein domains’ identical
surface residues. Such a difference of ~2 Hz is also observed
when the interdomain linker is only three residues long. For
this protein, the NTD and CTD exhibited values for Da of
10.8 Hz and 13.0 Hz, respectively. The fact that such differ-
ences in the magnitude of alignment are seen consistently
parallels the differences found for the diffusion tensor Dk/
Dt values for NTD and CTD.
Euler angles
The Euler angles of the alignment tensors for each domain
are depicted in Fig. 5 B and listed in Table S2. No systematic
dependence on linker length or domain identitywas observed
for either a (circles, top scale), or b (squares, bottom axis).
For the angle g (Fig. 5 B, vertical axis), however, the NTD
and CTD differ by ~7 for the protein with an interdomain
linker of 18 residues, whereas for the protein with a three-
residue linker g differs by 14. Furthermore, the g Euler
angle of the sGB1 domain is similar to that of the CTD for
the long linker length protein. This effect is similar to that
observed for the angle F of the principal axis of diffusion.
In fact, the alignment tensor angle b exhibits a similar range,
compared to the corresponding diffusion tensor angles
b (Table S1, prolate and anisotropic models) and Q (Table
1, prolate model).
Influence of data set size on alignment tensor
Because several resonances experience small shifts in the
IPAP spectrum recorded in the C12E5 alignment medium,
and given the naturally increased overlap due to the RDC
splittings, fewer data points are safely available for alignment
tensor fitting for the dGB1L7I-(n)-GB1 proteins than for the
relaxation analysis. We imposed stringent selection criteria
for the RDCmeasurement to avoid any complications caused
by resonance overlap. Therefore, we selected data for only
eight residues to fit the tensor orientations in the different
dGB1L7I-(n)-GB1 constructs.We tested the validity of using
such a small data set for single-domain GB1 proteins by
comparing alignment tensor parameters, using eight and
38 data points for sGB1, and seven and 30 data points forBiophysical Journal 99(8) 2636–2646the tailless GB1 (Table S2). Gratifyingly, the Da values for
the two data sets differ only by 0.30 Hz and 0.24 Hz
for GB1 and sGB1, respectively, and thus are similar in
magnitude to the combined uncertainties for these fits
(0.25 Hz and 0.23 Hz). Likewise, the rhombicities are also
essentially the same, lying within the 2 RMSD from Monte
Carlo simulations. The largest angle variation is seen for a,
with differences of ~12 for GB1 and ~25 for sGB1. For
the anglesb andg, differences of<4 and<2were obtained,
respectively, which are substantially less than the systematic,
linker-length-dependent differences in g-values observed for
the NTD and CTD in the double-domain proteins.Modular environment: dynamics
and long-range order
Because of the almost identical solvent-protein interfaces of
the two domains, the dGB1 model system investigated here
provides a unique opportunity to interpret the domain diffu-
sion and alignment in terms of the modular domain environ-
ment. Our results clearly indicate that for a protein with
a 12-residue-long flexible linker, the individual domain
correlation times, anisotropy, and diffusion tensor orienta-
tions change very little with a further increase in linker
length (Figs. 4 and 5). However, at these linker lengths the
domains have not reached the limit of independent diffu-
sion, as indicated by the substantial difference in rotational
correlation times between the domains of the dGB1 and
sGB1 (t > 5 ns and t ¼ 3.8 ns, respectively). Furthermore,
for linker lengths of 1224 residues, the nearly identical
domains experience distinctly different diffusion anisot-
ropies, with the NTD possessing a value of Dk/Dt ¼ 1.5–
1.6, similar to that of single GB1 (Dk/Dt ¼ 1.6–1.7),
whereas the CTD anisotropy is substantially larger, with
Dk/Dt¼ 2.0–2.2. (It should be emphasized again that these
values for Dk/Dt of the NTD are dependent upon omission
of the V39 T1/T2-value, and inclusion of this data point
yields Dk/Dt ¼ 1.8–1.9 for the NTD.) Furthermore, for
the protein with domains separated by an 18-residue linker,
the RDCs measured in C12E5 reveal that whereas the NTD
alignment magnitude of Da ¼ 7.7 Hz differs little from that
of the single-domain protein (Da¼ 7.2 Hz), the alignment of
the CTD is substantially larger, with Da ¼ 9.7 Hz. There-
fore, the NTD and CTD influence each other’s dynamics
and the orientational distribution differently, even for long
linker lengths.
The same qualitative differences between NTD and
CTD diffusion anisotropy and alignment magnitude are
observed for a three-residue linker. Therefore, it is
tempting to interpret these differences as resulting from
the steric occlusion of one domain by the other during
the course of interdomain diffusion. The different degrees
of occlusion of the two domains is somewhat surprising,
but may be the result of the fact that the GB1 domain is
not a perfect prolate shape, due to differences between
NMR Studies of Diffusion and Alignment of Modular Proteins 2645the N- and C-termini of the protein. Media that work
predominantly by a mechanism of steric occlusion of
a rigid domain, such as C12E5, result in an alignment
that depends on the overall shape of the rigid domain
(40). Similarly, when domains sterically occlude each
other’s motion in a two-domain protein with a flexible
linker, the NTD and CTD alignments are expected to differ
from those of the isolated domains in a way that reflects
the restricted distribution of conformations of the multido-
main protein in solution. This is indeed what the RDC Da-
value indicates for the protein with a three-residue linker.
However, for the protein with an 18-residue linker, the
distribution of orientations of the NTD is not significantly
restricted as compared to the isolated sGB1 domain,
whereas the CTD is. This parallels the diffusion anisotropy
results for proteins with long linkers.CONCLUSIONS
Our data show that in multi-domain proteins the flexible
linker and the individual domains play significant and
different roles. The addition of flexible tails of six to seven
residues in length to the protein domain caused an increase
in diffusion anisotropy, as well as reduced rhombicity of the
alignment tensor. For double-domain proteins, flexible
linker residues in excess of 12 residues appeared to have
little further effect on the individual domain diffusion. The
observed significant differences between the diffusion
anisotropy and magnitude of alignment for the NTD and
CTD may reflect the intrinsic asymmetric arrangement of
the protein domains in a modular protein, due to the polarity
of the polypeptide chain and the shape of the domain.
The model system results presented here also provide
useful reference data that can be used to assess interdomain
influences in other, more complex multidomain proteins.
For example, the contribution of a specific natural linker
composition to the dynamics and alignment of a protein of
interest may be derived to a first approximation by
substituting it into the dGB1 system. In addition, further
extension of this model system to include more linked
domains, as well as non-symmetrically connected domains,
is being developed in combination with computational and
theoretical methods.SUPPORTING MATERIAL
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